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Diatomite (see Table 4 Figure 4 .4 Measured versus predicted axial stress -axial strain behavior for two uniaxial strain tests (first two tests shown) and three triaxial compression tests at 50, 200, and 500 psi (third through fifth shown) for Type 3 Diatomite (see Table 4 
Introduction
In 1994a cooperative National Laboratory/industry research program was initiated to improve understanding of the geomechanical processes causing well casing damage during oil production from weak, compactable formations. The study focuses on the shallow diatomaceous oil reservoirs located in Kern County, California, and combines analyses of historical field data, experimental measurement of rock mechanical behavior, and development of geomechanical models to simulate the reservoir and overburden response to production and injection during primary and secondary recovery.
A comprehensive database, consisting of historical well failure, production, injection, and subsidence data was compiled to provide unique, complete pictures of the diatomite reservoirs and overburden behavior at both the Belridge and Lost Hills fields situated in the San Joaquin basin. Thorough analysis of the database for Belridge indicated that two-dimensional (plane-strain) geomechanical simulations could not capture the locally complex production, injection, and subsidence patterns, and motivated large-scale, three-dimensional geomechanical simulations. Central to the numerical modeling work has been the use of sophisticated material models that capture accurately the highly non-linear deformation behavior of the reservoir rock, including inelastic compaction (yield) at stress states below the shear failure surface. Fredrich et al. (1996 Fredrich et al. ( , 1998 Fredrich et al. ( , 2000 described the development of three-dimensional geomechanical models for the Behidge field and the historical simulations that were performed collaboratively with Shell E&P Technology Co. and Aera Energy LLC for Sections 33 and 29 using Sandia National Laboratories' quasi-static large-deformation structur@ mechanics finite element code, JAS3D (Blanford et al., 1996) . JAS3D provides several constitutive models to simulate time-independent elastic and inelastic (non-linear) deformation as well as time-dependent (creep) behavior. One of these material models, referred to as the Extended Sandier-Rubin (ESR) cap model (Foswn et al., 2000) , is a generalized version of the Sandier and Rubin cap plasticity model (Sarzdler and Rubin, 1979) . The ESR cap model includes a non-linear shear failure surface and a second yield surface (cap) to account for inelastic compaction at stress states lower than those required to induce shear failure. Fo,sswn and Fredrich (1998) described the development of cap plasticity models for several cycles of the Beh-idge Diatomite at the Belridge field in California.
The historical simulations for the Beh-idge field served to validate the conceptual model that was formulated for casing damage and the geomechanical modeling approaches. This work also demonstrated that geomechanical simulation can be applied as a reservoir management tool to optimize production and injection policies for existing field developments, and to identify the most economical strategy for infill drilling, such as the relative density and placement of production and injection wells.
Following the successful application at Belridge, attention shifted to the Lost Hills oil field. The Lost Hills field is at an earlier stage of development than the Belridge field, and therefore, development and application of geomechanical models for the Lost Hills field ,<.
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were expected to be particularly useful in regard to infill drilling and expansion of the waterflood.
This report documents the development of material models for the Lost Hills oil field. Constitutive parameters for the ESR cap model were derived from experimental rock mechanics test data for the two reservoir formations (including two diatomaceous sand units of the Etchegoin Formation and three cycles of the Belndge Diatomite Member of the Monterey Formation). Shear failure parameters for the ESR model were also derived for the strata underlying the reservoir (Opal CT diatomite). Existing data in the literature were used to determine shear failure parameters for the ESR model for the overburden formations, including the San Joaquin Formation, Tulare Formation, and alluvium.
2
Geology, Stratigraphy, and Lithology at Lost Hills
The Lost Hills oil field is one of several significant oil fields located in the San Joaquin basin of central California (Gralumz and Williams, 1985) . Other major fields include Behidge, Cyrnric, Elk Hills, Buena Vista, and Midway-Sunset. The Lost Hills field is about 45 miles northwest of Bakersfield in Kern County, and the producing structure is a northwest-southeast trending doubly-plunging anticline that roughly parallels the San Andreas fault about 25 miles to the west. The anticline is about one mile wide and 12 miles long and slightly asymmetric, with dips approaching -20°on the eastern flank as compared to -10°on the western flank. Stewart et al. (1994) estimated about 2 billion bbl of oil-inplace. The structural setting is similar to that of the Belridge and Cyrmic fields directly to the south.
The main reservoir is relatively shallow and the producing intervals reach a maximum thickness of approximately 1500 feet along the crest, and thin on the flanks. A generalized stratigraphic column for the Lost Hills area is shown in Figure 2 Diatornite is a biogenic siliceous deposit consisting of the shells or tests of diatoms with varying amounts of detrital material (principally clay and sand) so that individual depositional cycles are identifiable, with the rock ranging from fairly pure to shaley diatomite. In the upper intervals, diatoms are preserved as opal-A, which is an amorphous, colloidal form of silica, and porosity of the Belridge diatomite unit ranges typically horn 50-60% at Lost Hills. With increasing depth (pressure) and temperature, the mineralogic phase changes from opal-A to opal-CT. The associated reduction in porosity (<45%) mikes the diatomite less productive below the opal-CT transition, and most production at Lost Hills is from the opal-A phase of the Belridge Diatomite Unit. Below this, the diatom skeletal structures are no longer well preserved and the rock is termed a porcekmite. The opal A/CT transition is tilted across the field, and occurs at a slightly shallower depth on the western versus eastern flank. Because of the asymmetric structure, in some places the Belridge Diatomite is entirely in the opal-A phase, with the transition to opal-CT occurring beneath in the Brown Shale Member. With further depth, the opal-CT phase is replaced by chert.
The main producing formation at the Lost Hills field is stratigraphically equivalent to the Belndge Diatomite unit that is one of two reservoir formations at the Belndge field located to the south. However, because of its relative position with respect to sources of terngenous elastic sediments during deposition, the Behidge Diatomite at Lost Hills is less pure than at Belridge. Also, the unit is thicker and shallower at Belridge than at Lost Hills.
Because of the lower purity and more variable composition of the diatomite at Lost Hills, a compositional scheme is used to characterize the diatomite. The two primary operators at Lost Hills, Aera Energy LLC and Chevron USA Prod. Co., identify three type diatomites that correspond to compositional variations. Neutron density logs are used to classify the rock types with depth as indicated in Table 2 .1. 
Description of the ESR Cap Plasticity Model
The ESR cap model is a generalization of the soil and rock constitutive model of Sandier and Rubin (1979) . The model is designed to represent the elastic-plastic behavior of porous rock and soil. The yield surface comprises a nonlinear, non-hardening shear yield surface and a hardening or softening cap surface each of which can vary with Lode angle (as defined later). This composite shear-failure/yield-cap surface is illustrated in Figure 3 .1. The dashed line in Figure 3 .1 depicts a triaxial compression load path. Linear elastic behavior occurs when the stress point is within the composite shear-failure and yield-cap surfaces. For the load path and the initial yield surface shown in Figure 3 .1, the material compacts after intersecting the initial yield surface and compaction hardens (i.e., pushes the cap out) until the stress point reaches the shear-failure surface at which point the material fails in shear. It is assumed that the elastic strain is always much less than unity, so that the strainrate measure can be decomposed into the sum of an elastic component and an inelastic component as &v= E;+&;.
(3.1)
The stresses can be determined from Hooke's Law and Eq. 3.1 as where the fourth-order elastic coefficient matrix, Cijkl, is given in terms of the shear modulus, G, and bulk modulus, K, as
When the stress point lies on the shear-failure envelope, shear failure occurs according to the yield function, F~,
where J2 is the second invariant of the deviator stress; 11is the first invariant of the Cauchy stress; and A, B, and Care material constants. The~is a function of J3, the third invariant of the deviator stress that incorporates the Lode-angle dependence of yield, given by
where K is the ratio of the yield stress in triaxial extension to the yield stress in triaxial compression and Y is the Lode angle given by
For tnaxial extension, Y = -Z / 6, and for triaxial compression, Y =x/6. In the case of triaxial compression, r = 1, while 17= l/K for triaxial extension. Thus, in this formulation the difference in strength between triaxial compression and triaxial extension stress states is handled by multiplying the loading variable,~by a factor r such that the yield function experiences an apparent higher loading condition for stress states different from triaxial compression, depending on the value of J3.
When the stress point lies on the cap and pushes it outward, plastic strain causes an irreversible decrease in volume called compaction, and a shear component for stress states other than pure hydrostatic compression. The cap motion is related to the plastic decrease in volume through a hardening rule. The elliptical shape of the cap is defined through the cap yield function,
in which L is the value of 11, at which the cap intersects the shear surface, and
(3.8)
The material parameter, R defines the ratio of principal ellipse radii of the cap surface. The cap intersects the shear failure surface at the point on the cap with zero horizontal tangency, i.e., the point of zero dilatancy. When the cap is too small to intersect the shear failure surface, a von Mises surface extends from the point of horizontal tangency to either the shear failure or tension cut-off surface.
The plastic strain rates, A;, can be determined from a flow rule,
is constructed to be the composite yield function defined as the union of the shear and cap yield functions, F = F, U FC and where~is the consistency parameter. Since subsequent loading surfaces pass through the loading point, the yield function, F, is such that
where the state variable L is governed by an evolution equation of the form where h~is a hardening function. During loading, the consistency condition (Eq. 3.10), requires that
From Eqs. 3.2,3.9, 3.11, and 3.12, the consistency parameter,~, can be determined horn
The hardening parameter is determined as follows. In incremental form, the trace of Equation 3.9 gives the incremental plastic volume strain as aF AE~= A+' = 3Ay-aIl -(3.14)
Now, by specifying an isotropic hardening rule in the form of a pressure-volume relation, 
The formulation of the ESR cap plasticity model in terms of classical plasticity concepts is thus complete.
Development of Constitutive Models for Lost Hills
The geomechanical simulation effort required the development of a suite of material models to simulate the response of the reservoir and overburden formations to pore pressure changes caused by primary production (drawdown) and secondary recovery (drawdown at production wells and pressure maintenance at injection wells). The simulations also required development of a material model to represent the rock formations underlying the reservoir (underburden). The produced reservoir formations are subjected to changes in pore pressure that lead to compaction, whereas the overburden units are subjected to stress changes as a result of deformations of the underlying reservoir formations.
4.1
Geomechanical Units ESR cap model parameters were derived for five distinct rock types representing the reservoir formations (Table 4 .2). In accord with the customary practices of the field operators (Table 2 .1), three intervals of opal-A Belridge Diatomite representing Type 1 ("clean"), Type 2 ("shaley"), and Type 3 ("sandy") diatomite were characterized. In addition, the two sand units of the overlying Etchegoin Formation that are also produced at Lost Hills (C and D sands) were characterized. Finally, to represent the porcekmite rock that lies below the production horizon, core samples of the Belridge Diatomite member obtained from a depth below the opal A/CT transition (Table 4 .2) were tested to derive shear failure parameters for the ESR cap model.
Material models for the remaining overburden formations were developed using data available from the literature since no core was available (Table 4 .2). Mohr envelope failure data for the San Joaquin Formation determined from rock mechanics tests on cores from the Lost Hills field (Z3runo and Bovberg, 1992) were used to determine shear failure parameters for the ESR cap model. The Drucker-Prager constitutive parameters applied by to the Tulare Formation at the Belridge field were used to calculate equivalent shear failure parameters for the ESR cap model. Likewise, Drucker-Prager parameters for the alluvium used in the prior Belridge work were similarly applied. 
Laboratory Rock Mechanics Tests
Triaxial rock mechanics tests were conducted on samples prepared from cores recovered from both the Etchegoin Formation and Belridge Diatomite unit at the Lost Hills field (see Table 4 .1). The tests were conducted by TerraTek, Inc., and designed to provide axial and radial stress (o) and strain (E) data under a variety of load paths. The three load paths used in the laboratory program included hydrostatic compression (loading with 01=CT2=~3),uniaxial strain (axial stress O1loading with radial stresses 0Z=03 increased as required to maintain radial strain &2=&3=O), and conventional triaxial compression (hydrostatic loading followed by increasing 01 with 02=03=constant).
The cylindrical test samples were prepared perpendicular to bedding (i.e. vertically oriented cores), with diameter to length dimension of either 1X2 inches or 1.5x3 inches. Samples were jacketed to prevent the confining fluid from penetrating the samples and tested in a servo-controlled triaxial system with the pore pressure system drained to the atmosphere. Confining pressure was measured with a conventional strain gauge transducer, and measurements of force on an internal load cell were used to calculate axial stress. Axial and radial strains were measured using cantilever-type strain transducers, with corrections applied for elastic distortion of the end-caps and jacketing material. Radial deformations were measured at two perpendicular directions along the sample mid-point, and averaged for calculating radial strain. Load-unload cycles (with typical excursions of 300 psi) were performed during at least two tests on each rock type to enable determination of elastic moduli.
4.3
Parameter Estimation
Elastic Parameters
Since isotropic elasticity is assumed it sufiices to measure any two elastic constants. In the current study, the shear modulus, G, and Young's modulus, E, were determined from the unload-reload portions of conventional triaxial compression tests, while G and the bulk modulus, K, were determined from the unload-reload portions of uniaxial strain tests. The authors judiciously selected the ranges of the unload-reload stress-strain curves from which to evaluate these moduli. To calculate a shear modulus from triaxial compression tests, the axial stress minus radial stress is plotted versus the axial strain minus radial strain for the selected part of the unload-reload portion of the test-The slope is equal to twice the shear modulus. If the same stress difference is plotted versus the axial strain, the slope is equal to the Young's modulus. The bulk modulus can then be determined in terms of the shear and Young's moduli as
GE '=3(3G-E)"
(4.1)
For uniaxial strain tests, the slope of the unload-reload portion of the axial minus radial stress versus axial strain is similarly equal to 2G. The slope of the unload-reload portion of the mean stress versus axial strain plot is equal to the bulk modulus.
Shear Failure Parameters
A suite of tnaxial compression tests, each conducted at a different confining pressure, is used to determine the parameters A, B, and C appearing in Eq. 3.4. The peak value of~is determined for each test from a~versus 11plot. These values of. together with their corresponding 11values are then assembled as data pairs into a fitting database. Nonlinear regression is used to determine a set of material parameter estimates in the sense of least squares. A merit function is minimized to determine best-fit parameters. It is assumed that the measurement error is normally distributed with a mean of zero. An appropriate merit, or objective function, is the weighted sum of squared @(P )= '$vi[yi -y(xi;P) where y(xi; P) represents the model dependent-variable response prediction at the ith of N data points; yi is the ith dependent variable data point value; xi is the ith independent variable data point value; P is the vector of parameters to be estimated; and Wi is the weight factor. In the current application, 11is chosen as the independent variable and~as the dependent variable, i.e.,
The weight factors,~i, were chosen arbitrarily as~i = I/yi.
Cap Parameters
Once the elastic and shear failure parameters have been established, they are held fixed while the cap parameters are determined through nonlinear regression involving direct simulation of the triaxial tests (either uniaxial strain or conventional triaxial compression) using the procedure described above. The principal laboratory-measured strains were used as the independent variable values while axial stress was used as the dependent variable. Eqs. 3.2 through 3.21 were solved numerically to determine the dependent variable, axial stress, as a function of the independent variables, axial and radial strains. The parameters were determined from an iterative application of the Levenberg-Marquardt optimization method as described by F'ossum (1997) , but using numerical derivatives for the Hessian matrix.
4.4
Constitutive Parameters 4.4.1 Belridge Diatomite Unit -Type 1 (Clean) Diatomite Table 4 .2 identifies the tests and specimens used in the estimation of material parameters for the Type 1 Diatomite. All test specimens were prepared from cores that were preserved. Tests Lhls_lb (50 psi) and Lhls_5b (200 psi) clearly reached a peak stress difference while test Lhls_4Ab (500 psi) appeared to be very close to reaching a peak stress difference. Test Lhls_6b (1000 psi) did not appear to have reached a peak stress difference and was therefore not used to determine shear failure parameters. Figure 4 .1 shows the model fit to the shear failure data along with the shear failure parameters. Note that even though test Lh1s_6b was not used in the fitting routine, the model predicts failure at the maximum stress difference reached in test Lhls_6b (depicted as an open triangle in Figure  4 .1). Thus, the maximum stress difference observed in this test was indeed possibly close to maximum. Cap model parameters were determined using the two uniaxial strain tests and the triaxial compression test conducted at 50 psi confining pressure. Figure 4 .2 shows the model fit to these data along with the best-fit parameters. The triaxial compression tests at 200,500, and 1000 psi included extended hold periods that precluded use of that data due to the time independence of the material model. "Zeroing out" the strains during the hold period is not possible because commensurate with the strains during the hold period is cap hardening. Because the cap hardening affects the cap behavior upon resumption of the triaxial loading the hold period cannot be simply zeroed out. Table 4 .1). Note thatthe hydrostaticload segmentof the triaxial testis included.
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4.4.2
Belridge Diatomite Unit -Type 3 (Sandy) Diatomite Table 4 .3 identifies the tests and specimens used in the estimation of material parameters for Type 3 Diatomite. All test specimens were prepared from cores that were not preserved. Tests Lhls_25b (50 psi) and Lhls_26b (200 psi) clearly reached a peak stress difference while test Lhls_18b (500 psi) appeared to be close to reaching a peak stress difference. Thus these three tests were used to determine the shear ftilure parameters. Figure  4 .3 shows the model fit to the shear failure data as well as the shear failure parameters. The two uniaxial strain tests, in addition to three triaxial compression tests (at 50,200, and 500 psi) were used for determination of the remaining cap plasticity parameters. Figure 4 .4 shows the model fit to these data along with the best-fit parameters. The triaxial compression test at 1000 psi could not be used because of the protracted hold period following the hydrostatic loading. As discussed previously, the time independence of the material model precludes the occurrence of creep deformation. Table 4 Table 4 .3). Note that the hydrostatic load segments of the triaxial tests are included.
4.4.3
Be[ridge Diatomite Unit -Type 2 (Shaley) Diatomite Table 4 .4 identifies the test specimens used in the estimation of material parameters for Type 2 Diatomite. Specimens used for the uniaxial strain and conventional triaxial compression tests at 50, 600 and 1000 psi were prepared from preserved cores. Specimens used for the conventional triaxial compression tests at 100 and 300 psi were prepared from
unpreserved cores. Tests Lhls_13Ab (50 psi) and LhIs_l 6b (100 psi) clearly reached a peak stress difference, and failure in Lhls_14b (300 psi) was imminent. However, data from the two unpreserved specimens conflicted with the other test data and was not used in estimation of the shear failure parameters (recall that the Type 2 diatomite has the highest clay content of the three types). Also, for physically realistic parameter estimation it was necessary to constrain the difference A-C to be positive, and the shear failure parameters were estimated from the data at 50, 600 and 1000 psi. Figure 4 .5 shows the model fit to the triaxial data along with the shear failure parameters. The cap plasticity parameters were determined using the two uniaxial strain tests and the triaxial compression tests at 50,300, and 600 psi. The test at 1000 psi was not included because of the large hold time that followed hydrostatic load-up that precluded estimation of cap hardening. Figure 4 .6 shows the model fit to these data along with the best-fit parameters. Axial Strain Figure 4 .6 Measured versus predicted axial stress -axial strain behavior for two uniaxial strain tests (first two tests shown) and three triaxial compression tests at 50,300, and 600 psi (third through fifth shown) for Type 2 Diatomite (see Table 4 .4). Note that the hydrostatic load segments of the triaxial tests are included. Inclusion of the test at 300 psi did not affect the cap parameter optimization.
Etchegoin Formation -C Sand
Only conventional triaxial compression load paths were available to derive cap parameters for the reservoir sands of the Etchegoin Formation (C and D sands). Because none of the principal strains are controlled under the conventional triaxial compression load path, the parameter optimization in the absence of uniaixal strain data was more complicated. Table 4 .5 identifies the specimens used in the estimation of material parameters for the Etchegoin C Sand. All specimens were unpreserved. Tests Aera_lhb (unconfined), Aera_lib (100 psi), and Aera_llb (300 psi) reached a peak stress difference, while tests Aera_lkb (600 psi) and Aera_lmb (1000 psi) did not reach a peak stress difference. In order to constrain the shear failure surface at higher mean stress, it was necessary to estimate the hardening behavior and extrapolate the stress-strain behavior to approximate the shear stress at failure for the test at 1000 psi. Figure 4 .7 shows the model fit to the shear failure data along with the values of the shear failure parameters. Only the axial stress -strain data of the triaxial compression test at 600 psi (Aera_lkb) was used for determination of the cap plasticity model parameters. The tests at 100,300 and 1000 psi included protracted hold periods that precluded use of that data because of the time independence of the material model. "Zeroing out" the strains during the hold period is not possible because commensurate with the strains during the hold period is cap hardening. The cap hardening affects the cap behavior upon resumption of the triaxial loading and therefore the hold period cannot be simply zeroed out. Inclusion of the unconfined test caused the parameter optimization to be problematic, possibly because of the very small radial strains measured in that test. Figure 4 .8 shows the model fit to this test along with the values of the best-fit parameters. 
0.1
Axial Strain Figure 4 .8 Measured versus predicted axial stress -axial strain behavior for the triaxial compression tests for Etchegoin Sand C at a confining pressure of 600 psi. Note that the hydrostatic load segment is included (also see the stress overload that occurred inadvertently during the hydrostatic portion).
4.4.5
Etchegoin Formation -D Sand Table 4 .6 identifies the specimens used in the estimation of material parameters for the Etchegoin D Sand. All test specimens were unpreserved. Tests Aera_2gb (unconfined), Aera_2hb (100 psi), and Aera_2ib (300 psi) reached a peak stress difference, while tests Aera_2jb and Aera_2kb (600 and 1000 psi) did not. As described previously, the hardening behavior during the test at 1000 psi was estimated to allow approximation of the failure stress at elevated mean stresses. Figure 4 .9 shows the model fit to the shear failure data along with the values of the shear failure parameters. The axial stress-strain data of all five triaxial compression tests were used in simulation of the cap model parameters. Figure 4 .10 shows the model fit to these tests along with the values of the best-fit parameters. Table 4 .7). Note that the hydrostatic load segments of the triaxial tests are included.
4.4.6
Etchegoin Formation -Belridge Diatomite Interface (D Sand / E Cycle)
A core was also provided from the approximate location of the interface between the Etchegoin Formation and Belridge Diatomite Unit. Table 4 .7 identifies the specimens used in the estimation of material parameters for the DIE interface material. Tests Aera_3bb (unconfined), Aera_3cb (100 psi), and Aera_3db (300 psi), reached a pe~stress difference, and Aera_3eb (600 psi) appeared to be close to peak stress. The test Aera_3fb (1000 psi) did not, and the hardening behavior was extrapolated as described previously. Figure 4 .11 shows the model fit to the shear-failure data along with the values of the shear-failure parameters. Cap parameters were not derived, and this unit was not defined in the geomechanical model. Table 4 .7).
4.4.7
Porcelanite (underburden) Table 4 .8 identifies the specimens used in the estimation of material parameters for the Opal CT phase of the Behidge Diatomite Member. All specimens reached failure. Figure  4 .12 shows the model fit to the shear failure data along with the values of the shear failure parameters.
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Overburden Formations
No core was available for material testing for the overburden formations. Material parameters were estimated from the best data available from the literature.
San Joaquin Formation. The elastic properties, K = 93,333 psi and 2G = 74,667 psi, for the San Joaquin siltstone, are from Bruno and Bovberg (1992) . Shear-failure parameters for the ESR cap model were determined from their Mohr envelope failure data based on rock mechanics tests on cores from the Lost Hills Field. Bruno and Bovberg (1992) Tu/are Formatjon. The elastic properties, K = 23,333 psi and 2G = 28,000 psi, for the Tulare Formation at the Belridge Field were as reported in Frednch et al. (1996) . DruckerPrager parameters reported by Fredrkh et al. (1996) were converted to equivalent shear failure parameters for the ESR cap model. Fredrich et al. (1996) A//whm. The elastic properties, K = 15,000 and 2G = 13,846 psi, for the alluvium at the Belndge Field, were as reported by Fredrich et al. (1996) . The Drucker-Prager parameters presented in Fredrich et al. (1996) were converted to equivalent shear failure parameters for the ESR cap model. Table 5 .1 summarizes the material models developed for the overburden, underburden, and reservoir formations at the Lost Hills oil field. As described previously, the diatomite reservoir is varied vertically in composition due to its cyclic sedimentary ongin. This work follows the convention of the two field operators who define three type diatomites that are delineated based on bulk density and composition. To complement the parameter listing in Table 5 .1, the relative mechanical behavior of the three type diatomites is illustrated from a physical perspective in Figures 5.1 through 5.3 . These figures show the material models and cap hardening behavior for the three type diatomites in mean -deviatonc stress space (11vs~.7z). The cap yield surfaces plotted represent the cap positions at plastic volume strains of 1, 3, 6, and 10%. In cases where the maximum compaction strain that the model predicts (that reflects the laboratory experiments) is less than 107o, the cap position at that strain is shown instead. Thus, the shape and position of the cap for the different diatomite types illustrate their relative compactability and compaction hardening behavior.
The shear yield surfaces for the Type 1 and 3 diatomites are similar, and both are stronger than the Type 2 diatomite. However, the cap behavior for Types 1 and 3 differs slightly, with different cap curvature, and with Type 3 being somewhat more compactionresistant (i.e., the cap hardens more than it does for Type 1). More importantly, note that the elastic properties of the Type 1 and 3 diatomites are significantly different, with close to a factor of 2 difference in the bu~k modulus of the Type 1 versus Type 3 diatomite. Therefore, it is essential to distinguish between the two material models for Type 1 and 3. As noted, the Type 2 diatomite is the weakest in regard to shear failure. The cap hardening behavior for the Type 2 diatomite is also markedly different, such that the cap hardens dramatically at volume strains greater than -570 as compared to the hardening behavior of Types 1 and 3. The cap plasticity models for the Etchegoin reservoir formations, Sands C and D, are shown in Figures 5.4 and 5.5. Sands C and D are significantly stronger than the three type diatomites of the Belndge Diatomite unit. Also, the C Sand compaction-hardens more than the D Sand, and the yield surfaces are less sensitive to shear stress. 
4J2, psi
5.2
Other Issues
The laboratory rock mechanics experiments indicate that all of the rocks tested are somewhat anisotropic. That is, under a hydrostatic loading path in which all of the principal stresses are maintained equal, the radial and axial strains differ. Typically, the sample is more compliant in the vertical direction, and the material is probably transversely isotropic, with the axis of rotational symmetry oriented vertically (i.e., perpendicular to bedding). It should be noted that the material model applied here assumes isotropy, and therefore does not capture this aspect of the material deformation. At the present time, only an isotropic cap plasticity model is implemented in JAS3D.
A second feature of the rock mechanics behavior that the present material model does not capture is the transition from compactive to dilatant deformation that generally precedes shear failure. F'ossum and Fredrick (2000) describe the application of a newlydeveloped continuous-surface cap plasticity model to this data, and show that the new model represents the actual behavior more accurately than the traditional cap plasticity model used here that precludes the occurrence of dilatant deformation at stress states below the shear failure surface. This behavior is only realized at stress states very close to the intersection of the cap yield and shear failure surfaces, and so this aspect is not relevant for stress states sufficiently removed from the shear failure surface.
Geomechanical Model of Lost Hills
The material models were developed for use in three-dimensional geomechanical simulations of the Lost Hills field that will be described in detail in a future report by Fredrich et al. In brief, the 3D geomechanical model was meshed so as to include parts of Sections 4,5,32, and 33, and included wells operated by both Chevron USA Prod. Co. and Aera Energy LLC. The model was meshed directly from marker data provided by Chevron USA Prod. Co with the layers in the geomechanical model being defined by the marker data. Assignment of type diatomite models to layers in the geomechanical model was based on analyses of Iithologic correlation sections that were developed from neutron density well log data for approximately 20 wells that transected the reservoir structure at Lost Hills. The Iithologic correlation sections included some wells in the area of the geomechanical model and were provided by Chevron USA Prod. Co. Contact surfaces were also included at specific horizons based on analyses of the field well failure data. The essential features of the geomechanical model are summarized in Figure 5 
Summary
Constitutive models were developed for the reservoir formations, overburden formations, and underlying strata at the Lost Hills oil field, Kern County, California. Parameters for an Extended Sandler-Rubin (ESR) cap plasticity model were derived for the two reservoir formations, and shear failure parameters of the ESR cap model were determined for both overburden and underburden formations.
Our work followed the convention of the two field operators who define three type diatomites that are delineated based on bulk density and composition. The analyses of the rock mechanics experiments indicated that the three type diatomites have distinct differences in their mechanical behavior. The failure strengths of Type 1 and 3 Diatomites are similar; however, their elastic properties differ substantially. Also, Type 3 is slightly more compaction-resistant than Type 1. The Type 2 Diatomite is the weakest in regard to shear failure, and the cap behavior is also markedly different, and exhibits rapid hardening at relatively modest plastic volume strains. Table 5 .1 and Figure 5 .6 summarize the material models and geomechanical layer definitions that were developed in this work.
It is emphasized that the constitutive models developed here are valid only within the ranges of stress and strain of the laboratory data from which they are derived. In particular, it is noted that the position of the shear failure surfaces at higher mean stresses would be better constrained in the presence of additional laboratory data that included triaxial compression tests that were extended to shear failure.
The material models developed here are presently being used in three dimensional geomechanical simulations of the Lost Hills field that will be described in a future report. The geomechanical model includes parts of Sections 4,5, 32, and 33, and includes wells operated by Chevron USA Prod. Co. and Aera Energy LLC.
